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1 . SUMMARY 


During recent testing of the hardware elevon actuation subsystems, undesired 
oscillations above 40 Hz were first observed at the Rockwell International/ 
Space Division (R/SD) Flight Control Hydraulics Laboratory (FCHL) . These 
oscillations occurred at different frequencies in both the inboard and the 
outboard elevon subsystems. They occurred only in the presence of an unby- 
passed channel failure and then only while force fighting was present in the 
secondary actuator staqe. 

Two possible causes, hardover feedback and deadspace, were investigated 
using Continuous System Modeling Program (CSMP) simulation. Tests of the 
hardover feedback theory were completely negative. No sustained oscillations 
above 40 Hz were observed. Tests of the deadspace theory produced data 
matching certain key characteristics of the hardware oscillations including 
inboard actuator oscillation frequency (55.5 Hz). The oscillations occurred 
only in the presence of force fighting and damped out at a position plateau. 

It was concluded that deadspace must be considered to be a possible cause of 
the oscillations. Modification of the actuator math model followed by further 
investigation of this theory is recommended. 
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2. INTRODUCTION 


Undesired oscillations, occurring at 56 and 46 Hz in the inboard and outboard 
elevon actuation subsystems, respectively, with amplitudes sufficient to 
cause loud audible vibrations in the hydraulics were observed under certain 
conditions during hardware tests conducted at the R/SD FCHL. These were re- 
ported to the National Aeronautics and Space Administration/Lyndon B. Johnson 
Space Center (NASA/ JSC) about 15 August 1978. Because the cause of the 
oscillations is unknown, their occurrence may prevent the elevon actuation 
subsystems from meeting the fail-safe requirement for second failures in 
the Space Shuttle Urbiter Vehicle (OV ) 102. 

Two theories emerged as to the oscillations' cause: the hardover feedback and 

the deadspace theories. The hardover feedback theory asserted that the oscilla- 
tions were caused by a flow-dependent positive pressure feedback force acting 
on the power valve spool, presumably through a hardover channel. The dead- 
space theory asserted that the oscillations were caused by deadspace existing 
in the couplings between the second-stage valve spools and their associated 
torque feedback springs. 

These two theories were investigated using Continuous System Modeling Pro- 
gram (CSMP) simulation. Attempts were made to duplicate certain FCHL test 
data by discovering which particular combination of added nonlinearities best 
reproduced the FCHL data. Any such combination, while not definitely the 
cause of these oscillations, would be at least a possible cause. 

2 • 1 ACTUATOR BAC KGROUND 

The elevon actuators for the 0V102 are four-channel hydraulic actuators having 
redundancy concentrated in a secondary actuator stage which acts to position 
a single power valve spool in proportion to the command current inputs. 
Redundancy is achieved through force summing at the power spool. The power 
ram or primary actuator stage is nonredundant. The inboard and outboard 
actuators are funtionally identical and differ only in the size of certain 


2-1 


components. A simplified hydraulic schematic diagram typical of either 
actuator is shown in figure 2-1. 

The CSMP simulation used in making this investigation was derived from a math 
model of these actuators that was developed by R/SD. This math model is shown 
in figure 2-2. Identified variables, constants, and nonlinearities are 
listed in tables 2-1 through 2-4. A CSMP listing typical of those used in 
making this investigation is shown in figure 2-3. 

2.2 OSCILLATION B ACKGROUND 

About 15 August 1978, NASA/JSC was advised by R/SD of undesired oscillations 
occurring in the hardware elevon actuation subsystems that were then being 
tested at the R/SD FCHL facility. These oscillations at 56 and 46 Hz in the 
inboard and outboard subsystems, respectively , reportedly occurred only in 
the presence of an unbypassed channel failure. 

Copies of some of the FCHL test data were received at NASA/JSC before 
1 September 1978. Examination of this data, which consisted of analog strip 
charts, confirmed the presence of the previously reported high-frequency 
oscillations (above 40 Hz) and showed that other oscillations also were 
occurring near 14 Hz. These lower-frequency oscillations had been previously 
investigated extensively at Honeywell, Inc., and at NASA/JSC and were be- 
lieved to be too small in amplitude to cause operational problems. Conversely, 
the high-frequency oscillations were new and were severe enough to cause 
loud audible vibrations in the hydraulics. 

A cop.v of the master chart received from FCHL is shown in figure 2-4. This 
chart indicates scale factors applicable to the two strip charts that were 
selected for special study in this investigation (see figs. 2-5 and 2-6). 

For practical reasons related to computer run times, figure 2-6 (FCHL test 
no. E-16) was singled out as being more desirable for study using CSMP simu- 
lation. 
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TABLE ?-l. - ELEVON MODEL VARIABLES 


Parameter 

Description 

Units 

V c 

Actuator position command signal 

volts 

v f 

Actuator position feedback signal 

volts 


Prirnai - '/ pressure feedback signal 

mA 

I 

ASA driver current 

mA 

r c 

Servovalve (torque motor) torque 

in-lb 

T P 

Power spool wire-feedback torque 

in-lb 

T s 

Second stage wire-feedback torque 

in-lb 

"'f 

Servovai"p flapper displacement 

radians 

r 'f 

beryovulvi. first stage differential flow rate 

cis 

x s 

Second stag.? spool displacement 

in 

X qp 

Commanded second stage spool displacement (ideal) 

in 

P 1 

Secondary differential pressure (typical) 

psi 

F 1 

Secondary summing force corresponding to P-j 

lbs 

X D 

Power spool displacement 

in 

X nr) 

pd 

Power spool displacement beyond overlap 

in 

0 , 

t 

Load flow rate 

cis 

x qr 

Commanded ram displacement (ideal) 

in 

F r 

Differential force across ram piston 

lbs 

P f 

Load pressure (equivalent to F ) 

psi 

T a 

Actuator torque applied to elevon 

in- lbs 

f e 

Elevon angular displacement 

radians 

X fb 

Linear ram motion (piston with respect to cylinder) 

in 








TABLE 2-2. - ELEVON MODEL CONSTANTS 



Value 


Description 

Inboard 

Outboard 

Units 

Power spool amplification area 

0.3927 

- 

In 2 

Pow#'* r.tm poster ar*»a 

21.82 

18.04 

in 2 

servovalve (second stage) amplification area 

0.0368 

- 

In 2 

Meson v 1 - *rutlun ^mechanical) 

45000 

15000 

In-lb-stc 

Power v i*cou r . frlitlon 

6.5 

- 

(lb-sec)/1n 

tlrvun nomenf of Inertia (about hinge line) 

7588 

1876 

1n-lbs-sec 2 

Servo ampMfie* position gain 

16.5 

19 5 

nvA/V 

1 Ipvori ». M^Hne* 

457000 

621000 

Ib/ln 

fnwer spool f’ * f Orr.e coefficient 

0.943 

0.355 

In 

Dynamic load damping gain coefficient 

1.4 

2.4 

mA/V 

Servovalve npt stiffness 

58 

- 

(1n-lb)/rad 

Actuator position transducer sensitivity 

0.683 

1.173 

V/ln 

Servovalve prea*, ire gain 

17544 

- 

psI/Un-lb) 

;><-vry %- ‘ - pn*ssure transducer sensitivities 

0.00167 


V/psI 

power spool flow gain 

162.1 

61.0 

1n 3 /(s#c-vT5) 

servovalve (second stage) flow gain 

662 

- 

cl s/1 n 

Loul (backup) structure stiffness external to actuator 

233000* 

170000* 

!b/1n 

Ser.nvalve torque motor gain 

0.0286 

- 

(1n/1b)/«A 

Wire feedback stiffness (power spool-to-flapper) 

4.464 

- 

(In lb)/1n 

Wire feelt* 1 > •■tiffops* fsecond staqe spool-to-flapper) 

26.6 

- 

(1n-lb)/1n 

Dervnvalve Hrst staqe differential flow gain 

45.3 

- 

cls/rad 

Power spool mass 

0.001 

- 

(lb-sec 2 )/1n 

Hydraulic r upply pressure to actuator interface 
f supply minus return) 

2800 

- 

psl 

’ vrraqM ac tusfor moment arm [see table 2-4 

for my] 

14.46 

8.42 

In 

Actuator pressure drop coefficient 

0.0212 

0.0397 

ps1/(c1s) 2 

’ jp* i * transf -rr* operator 

- 

- 

sec’ 1 

load volume to second stage orifice (one side) 

0.08 

- 

In 3 

Hydr.ijiir fluid buU modulus 

172000 

- 

psl 

remonulator filter damping factor 

0.707 

- 

none 

H 1 '. filter damo'nq factor 

0.707 

& 

none 

Demdulator filter damping fartor 

0.707 


none 

time cons f ant 

0.00187 

- 

sec 

Dynamic load damper time constant 

0.10 

- 

sec 

Demodulator filter break frequency (position feedback) 

314 

- 

rad/sec 

V 1 S fi .\ ter break frequency 

36 

- 

rad/sec 

Demodulator filter break frequency (primary pressure 
transducer) 

628 


rad/sec 


* + 25 percent tolerance. 
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ELEVON MODEL NONLINEARITIES (NL) 
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TABLE <>-4.- EFFECTIVE ACTUATOR MOMENT ARM R(6 £ ) 


Elevon 

position 

(deg) 

Inboard actuator 

Outboard actuator 

Effective 

arm 

length 

(in) 

Stroke 

(in) 

Effect i ve 
arm 
length 
(in) 

Stroke 

(in) 

-36.5 

13.160 

-7.320 

7.767 

-4.266 

-35 

13.377 

-6.973 

7.884 

-4.061 

-30 

14.002 

-5.777 

8.223 

-3.358 

-25 

14.480 

-4.533 

8.481 

-2.628 

-20 

14.816 

-3.254 

8.661 

-1.880 

-15 

15.020 

-1.951 

8.766 

-1.119 

-10 

15.098 

-0.636 

8.800 

-0.352 

-7.709 

— 

_ . 

8.793 

0 

-7.585 

15.094 

0 

— 

— 

-5 

15.061 

+0.680 

8.767 

+0.415 

0 

14.915 

+1.989 

8.671 

+1.176 

,1 

+5 

14.669 

+3.280 

8.517 

+1.927 

+10 

14.331 

+4.547 

8.307 

+2.661 

+15 

13.908 

+5.779 

8.047 

+3.375 

+20 

13.407 

+6.972 

7.740 

+4.064 

+21.5 

13.242 

+7.320 

7.639 

+4.266 


Arm 

retraction 


Arm 

extension 


















Ill CON T INUj U S SYSTEM MODELING PROGRAM III VIM 2 TRANSLATOR 'JUTP'JT$*i 

TITLE 625-? 0 M'CG I -l.iOARl) E LEVON ACTUATOR FOR SSV-CV 102 

* Fl'Ll-'JP HOKE MOOL L WITH ASA-I 
T I 1 LE STAG (l I TY TEST 

T ITL L 15 NGVCMiifcR IS 78 

* 

* SYSTEM MACROS 

* 

s t TOINT IS A I 0 o-LI ; 7 EL-LIMITEP INTEGRATOR 

* 

VAf fO T * L TO IMT (nr ) 

PRICE OUR E OK = SMAL ( 0 T ) 

DR * n I 

If (ADS(OT).l l.l.Ct- 50 ) OK = 0.0 
LN'JPROC CO UP i. 

T = I'MTGPL ( 0 . 0 , DR I 
FNOMACRU 

* 

* L 1 MLAG IS A LIMITED LAG FUNCTION (P IS INPUT! 

* 

MACRO V - L I ML AG IP , TC) 

* 

DVA (P-VI/TC 

PROCEDURE DV = SMALL (DVA) 

OV = OVA 

IE ( At>S(DVA ) .LT. I. 0 E- 50 ) DV * 0.0 
FNDPROCEDUP.E 

* 

V = INTG«L ( 0 . 0 , DV) 

* 

E.NCM ACRO 

* rtLTEP IS A UNITY-GAIN SECOND- ORDER LOW-PASS FILTER (W IS INPUT) 

* 

MACru X = FfLTfcR (Ml B» IC ) 

* 

DDXA = t) * ( W - X ) - A + D X 

# 

PmJCFDUR l. UDX * SMALLA (DDXA) 

DDX = DDXA 

IF ( AUS(QDXA) .LT. 1 . 0 L- 50 ) DDX = 0.0 
ENOPRQC EDljP.E 

# 

DX A - INTGRL ( 0 . 0 , DDX! 

* 

PROCEDURE DX = SMALLb (DXA) 

DX = DXA 

IF ( ADSIDXA ) .LI. I. 0 E- 50 ) DX = 0.0 
FNUPROCEDURh 

X =» INTGRL (Io, DX) 

* 

FNLM ACRO 

* LIMl IS A LIMITED FIRST CKDEP SYSTEM 

* 

MAfi'D Y = l IM l ( YOU T , PL, P?) 

PROCEDURE DYD T = LIMA IY, YDuT, PI, P 2 I 


Figure 2-3.- Typical CSMP listing. 
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DYOT * YDOT 





IF (Y.Lt.Pl) 

DYD.T * 

A MA XI 

(0.0, 

YDCTI 

YDCTI 

IF (Y.GF.P2J 

0 YD T * 

AMI M 

(0.0, 


FNDPROCEOUR E 

Y = INTGRL (0.0, DYDTI 

ENOMACRO 

* 

* l 1 H 2 IS A l I M I T f J SFCCJND LVOFR SYSTEM 


vaCRO /, 
PkrLEOURF 


330 

331 


? COT = l IM? ( /DOOT, P3 , P4 ) 
/LDF'Tl, /'Till * L I .Mi\ (7, /OCT, 
IF ( Z . L T . P 3 ) GL TC 330 
'F ( / .Of .:’•♦) GCl T i . 331 
/ p.'ii t i _ zodot 
7 Ou T 1 = /OCT 
cn TO 332 

/ DDO T 1 * 4 VAX l (0.0, 70DC T J 
Z'V)T1 = A^'AXl (0.0, /DOT) 

Cl. T" 3 32 

/ UDO T 1 = 4MIM (0.0, ZDDUT) 

7 i>1 T 1 = A ^ I V L (0.0, 7P0TI 


33? CONTINUE 
F N F P R0 C E I) UP L 

/.DOT = INTGRL (0.0, 7DDCT1) 
Z - INTGRL (0.0, /DCm 


ENOMACRO 

* 


ZDOCT 


P3, 


P4> 


* PFAIL OISCRFTFS 

* 

* DISCRETE SIGNALS PI- A ILL THROUGH PFAIL4 CENT RPL PRESSURE FAILURE 

* CONDITIONS IN CHAfNF’LS I THROUGH 4 R R S PF C 1 1 VE l Y 

* SF.l PFAILN r -1 FCP NEGATIVE HAKDCVER 

* 0 F I k Nil F 41 LURE 

* +1 Ft” POSITIVE HAROUVEP 

* +2 FOR 3YPASSFD CHANNEL . 

* 

* 


* RESET DISCRETES 

* DISCRETE SIGNALS FFSETl THROUGH PESET4 CCNT&UL RESET CONDITIONS 

* IN ASA CHANNELS 1 THROUGH 4 RESPECTIVELY 

* SFT PFSFTN = -I T OK NORMAL LPERATl CN. 

+ St T R ESC TN +1 TO FORCE PFAILN * 0 (UMESS HYPASN * ♦!». 

* 

* BY PAS OISCRFri-S 

* 

* DISCRETE SIGNALS PYPASI THROUGH BYPAS4 CONTPni OVERRIDING BYPASS 

* CCNLlJIuNS IN UlANiic-LS 1 THROUGH 4 RESPECTIVELY.... 

* SET PYPASN = -l FUR NGRRAI CPLR^TICN. 

* SFT BYPASN - ♦! TO FORCE PE AILN - *■ 2 . 

* 

♦ 

IN IT I AL 
* 

4 * 

* SIMPL IF IFD ASA MODEL ASA- I * 

* A 

* iM*:****************^*!*:*!!:****-**!******** 


Figure 2-3.— Continued. 
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♦ ♦<** 
9 

CONSTANTS ARE FOB THF INBOARD 

ACTUATCR SYSTEM 

***** 

CCKST 

08 1=2.14?, 

082=2.146, 

083=2.148, 

CB4=2 . 143 

CC' SI 

on 1*3. l» 

OF T2 = 3. 741 , 

OcT3=3.78l , 

Cfc T 4=3 .781 

cur st 

DSP t Fl*l .7, 

DNRF F2=l. 7, 

0NREF3* 1.7, 

CNRCF4=l .7 

S I 

HA 1* SO. 0, 

HA 2=50. 0, 

H Aj =50. 0 , 

HA4= 50 .0 

cn'ST 

HO 1 = SO. Oi 

ML 2= 50. 0 , 

HB3 =50 • 0 , 

HB4*50 .0 

CON 51 

IN Tl M 1*0. 926, 

INTI 42=0.026, 

I NT L K3 =0.926 , 

INTLM4*0 .926 

cnr si 

K A A 1*0. 68 3, 

KAA2 =0. 683 , 

K4A3=0. 683 , 

K AA4=0 .683 

not -' st 

KA01* 1. A?2T- 5, 

KA 0 2 * l . <♦ 3 2 r —5 

, KA33 = l .432F-5 , 

KA04* 1.432E-5 

cr.r ST 

KAt 1 * l. 718L- 3, 

KAC2 = t , 7188-3 

, K4E3=l. 718E-3, 

KAE4=l .713E-3 

C.' f L. 7 

KAF 1=0.4583, 

K7 . r 2=0. 4683 , 

k A8 3 = 0 .4863 , 

K A? 4=0 .4833 

r Li. M 

KAO 1 = 3. 53, 

KAC.2 = 8. 53 , 

KAG 3=8.53, 

KAG4=3 .53 

CONST 

KA It 1*0. 032 6 , 

KAH2=J.0326, 

K AH 3 = 0 • 0327. , 

KAM,*3.0 326 

CP* S T 

KAJ l = 1.0, 

KAJ2=L. 0, 

KAJ3=1.0, 

KAJ4=1.0 

CLNSI 

KAMI* 16.5, 

KA ’* 2 = 1 6 . 5 , 

KAMJ=16.5, 

KAM4= 16.5 

ccr st 

KAN 1 = 10.0, 

KAN2=10.0, 

KAN3=10.0, 

KAN4= 10. 0 

CONST 

KAP 1*0. 393, 

KA n 2 =0. 393 , 

KAP3 *0 • 393 , 

K AP4= 0 .393 

CONST 

LA 1*8.523, 

LA 2= ?. 523 , 

L A3 =8, 523, 

LA4=8 .523 

CONST 

L IMS* l=-0.£, 

LI 3N ?=-0. 6 , 

LMN3*-0.6 , 

L I MN4=-0 .6 

CONST 

L I HP l* t 5. 0, 

l. i ’ ' P 2 = l 5 . 0 , 

L1MP3=15.0, 

LI MP4* 15.0 

CONST 

THP 1 = 7. 56, 

TI'P 2 = 7. 56, 

1IIR3 = 7 , 56 , 

T HK4* 7 .56 

ccr St 

TA l=C.004, 

TA 2 = 0.004 , 

T A3 =0.004, 

T A4=0 .00 4 

CONST 

TP 1=0. 1 , 

TP 2= C. I , 

T?3 = 0. 1 , 

T 84*0.1 

const 

* 

UP K t F l = 8 . 5, 

l PRE F 2 = 6. 5 , 

UPREP3*8.5, 

U PREF4*8 .5 

* 

CONST 

£ 

RE SC T l=- l., 

Rfc SE T2*-l . , 

RESE T3*-l . , 

RESET4=*L. 

***** 

NOTL RF SP T 4 NUT 

EQUAL TU -l. 

FOP TfcST ***** 


CCNST 

BYP A S l *- l „ » 

PYPA S2=- 1 • , 

B YPAS3 =-l . , 

BYPAS4*- 1 • 




*********************** 

* 


KA1J 1 
K A f 2 
KAO? 
KAt-4 
KAC L 
KAC? 
K A C. 3 
KAC A 
KAK l 
KAK ? 
KAK , 
KAK A 
KAl l 
KAl 2 
KAL 3 
KAl A 
KA P 1 
KAPi 
KAP 3 
KAP '« 
KATl 
KA T? 
KA T 3 


?. 0 * ( 0. 707J * 
2.0 * 10.707) * 
2.0* ( 0. 7r 7) * 

?. C * (0. 70 7) $ 
I 314.0) ** 2 
(314.0) ** 2 

( 314 . 0 ) ** 2 
( 3 l A . 0 ) ** 2 
2.0 * ( 0. 707) * 
2.0 * (0. 7C7) * 
2.0 * (0. 707) * 
2. 0 * ( 0. 707) * 

( 36 . 0 ) ** 2 

( 37 . 0 ) ** 2 

( 26 . 0 ) ** 2 

( 36 . 0 ) ** 2 
2.0 * (0. 707) * 
2. 0 * ( 0. 707) * 
2. C <• ( C. 70 7) * 
2.C * (0.7C7) * 
<f>?‘*.0) ** 2 
(62R.0) ** 2 

(727.0) ** 2 


(314.0) 

(314.0) 

(314.0) 

(314.0) 


(36. C) 
(36.01 

( 5 fa . C) 
(36. C) 


(62R.O) 

( 626 . 0 ) 

(628.0) 

(623.0) 


* 


Figure 2-3.— Continued. 
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KAT4 * (628.0) ** 2 


2.0 * (0. 707) * (615.0) 
2.0 * (0. 707) * (615.0) 
2.0 * (0. 707) * (015. 0) 
2.C * (0. 7C7) * (615.0) 


K4V.I * (615.0) ** 2 
K A Iri? * (615.0) ** 2 
KAw3 * (615.0) ** 2 
KA.J4 » (616.0) ** 2 


VZF«t) * K FP * XL ZERO 
VZfiT.l = KAAl * XLZERO 
VZEK0 2 * KAA2 * XLZERO 
VZ ERU 1 a KA4 3 * XLZERO 
VZ E P n A * KAA4 * XLZERO 

* 

CONST DEL E Ifl = 12.0 

CONST DDSP * 0.002* DO SPA * O.OOL 

PARAMETER KK = (-1.0, 61.01 


******************************************************** 

* * 

♦ FULL -UP HOKE MUJtL OF MOCG ELtVCN ACTUATCR * 

* * 

********* i ******************************** ************** 

* 

***** CONSTANTS AND FUNCTIONS ALE TCP THE INBCARD ACTLATLR SYSTEM **•* 
CONST AP 1=3. 927 1- L, AP?=3 . 92 7fc- 1 , AP3=3 . 527E-1 , AP4= 3 .92 7E- l 


(.or st 


AP 1=3. 927 1- l, 

AS 1 = ^.6 (TL- 2 , 

8E1 A 1*1 .72E5, 

Kr 1=63.0, 

KP 1= l 75 44.0, 

K3S l =66 2.0, 

KTM A 1=45. 3, 

KTM l =?. 85E- 2, 
KXP 1 = 4.464, 

KX SI =26.6, 

THI 1 i- 1= 3. 53E- 3, 
VS 1*0. OP, 

XSL 1:11 = 0.015, 

AP?=3 . 92 7fc- 1 , 
AS2 = 3.6P) -? , 
ftp TA ? = l • 72T 5, 
KF?«58.0, 

KP2= 17544. 0, 
K0S2=652.C, 
XTHTA2=45. 3 , 
KTM’ =2. 856-2 , 

K. X" 2 =4 • 464 , 

KXS2 =26.6 , 

THU M2 = 3.53b-3, 
VS ’=0.09, 

XSL1 f‘2 = 0.0l 5, 

AP3=3 . 527E— l , 
AS3=3.68E-2 , 

8 ET A3 = 1 • 72F5 , 
KF3*58 • 0 » 

KP3 = l 7544 .0 , 
KGS1 =65 2 »U , 

KTH TA3 = 45 .3 , 
KTM3=2. 85 (-2 , 
KXP3*4.464 , 
KXS3=26 , 

THL1 M3=3.53t-3, 
V S3 = 3 • 0 8 * 
XSLIM3=0.015, 

AP4= 3 .92 7E— l 
AS4= 3 .68E-2 
BET A4= 1 • 72E5 
KE4 = 58 ,0 
KP4= 17544.0 
KQS4=652 .0 
KT )iT A4=45 .3 
KTN4=2 .85E-2 
K X P4= 4 .4 i ♦ 
KXS4*2:'' » i', 

THL IM4 - j .536' 
VS4*0 .08 
XSL 1 M4=0 .015 

AP =2 1.82, 

EL 51 K =6000. 0 , 
K(JP= 162.1, 

OVI. A P =0 . 0 004 
PS=2 800 .0, 
XPLM=0.05 

HF=4.5F4, 

It =7536.0, 
KRA0=57.3, 

PA’TSTK=3750.0 , 

BP*6.5 , 
KACT=4.57E5 , 
KS= 2 • 33 E5 , 

RF=0. 02 12 , 

cruL=io.o 
KF.= 0 .943 
PP=0.00l 

ST I K= 25.0 

DX PL =0.0, 

TAERG=0. 0, 

KF8=0 .683 , 

XLZERO=l .989 

AX=0 .01625, 

l)X=0 .33 » 

KX=3 701.0, 

PX= l . 5 E— 5 


FUNCTION MOMAPM 


(-36.5,11.160), (-35. 0,13.377), (-30.0,14.002), 


(-25.0,14.480), (-20.0,14.816), (-15.0,15.020), (-10.0,15.098), . 


Figure 2-3.— Continued. 
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<- 7. <585, 15. cm) , 
{ 10.0, 14.331) • 

* 

* 

* 

FUNCTION STRCKF - 
(-25.0,-4.633) , 
(-7. ‘583, 0.000), 
( 10. 0, 4.647), 

♦ 

* 

DYNAMIC 

* 

no scr r 


(-0.00 ,1 5.061 ) , 
( .0,13. 004) , 


(-36.5 7.3? )) , 

(-?C.0,-3.?Sh) , 
(-5.00, o.mtoi, 
( i5.o, -j.n o) , 


( O.uO, 14.015) , 
( 20.0,13.407), 


(-35.0,-6.573 ) , 
(-1 5. 0 ,-l .551 ) , 
( 0.00, l.OdO), 

( 2 0.0, 6 .47 7 IS 


SORT 

* 

* 


VAN l =(.!«!! 
VAN 2 = LIMIT 
VAN3 = LIMIT 
VAN 4 * Ll 'M 
V4 T l - LIMIT 
VAT2 = LI '•'IT 
VA T 3 = LIMIT 
V4 T 4 = L I M I T 
XS 1 = L IN n 
XS 2 - L If. 11 
XS 3 = L I *’ I T 
XS 4 = L JM IT 
XP = LIMIT ( 
Cl ltD -- L If I 


I-IMI M L, I 
l-IMI.1'7, I 
l-IMLM., i < 


( - INTI 


I 


(i in; i, iim 
a i *" ? , 1 1 

(i I vr . 3 , i i y ( 
(l I*.. st, LIMP 
( - X J l 1 ‘ 1 , i M 
(-XSLI *2 , XSl 
( - X S L M 3 , X F I 
( - X S I I M 4 , XL l 
•XPLIM, X'M. I y 


T (- 16 . 1 - 


: i . 


1LM , VANl ) 
HN’t VAN?) 
ILM, V A \ i ) 
U , V\v» ) 
1, VAT 1 ) 

«■ , V 'T i I 

3 , VA M) 

4 , V A T 4 ) 

I Ml, XU) 

;m?, xs2) 

I 'Ll, X S3 ) 
IKl, X 54 ) 

, XP ) 

5, 0 L L i 0 ) 


5.00, 14. 
21.5, 13. 


6 >91, 
342) 


(-30.0,-*;. 

(-10. o,-o. 

' 5.00, 3. 


777 ), 
636), 

. . _ . 230 I , 

( 21.5, 7.) 20) 


... 

... 


COMM/) NO Ob' MU ATI jN *************** 

ASA COMMANDS ARC n AT b UNITED If 20 CEGPEFS/S ECCND 
DELE Jr, IS AMPLITUDE UP COMPAND SIGNAL IM C-GKEES 


*************** 

* 

* 

***** DELE 
* 

PROCEDURE FLIP =K!CK (TIME) 
tJL IP = -2.0 
IF ( TIME-, t T.0.2.CK. T I . Of. 0.251 3LIP = 0.0 
( NCPPiTCEDUP E 

* 

CM DA = OFLUN * RAMP ( 0 . 01 ) 

LMLh = LIMIT (-3.0, P.0, I.MDA) 

CM DM E = f.Pru * PL IP 

VC M !> A =■ AI-C6N (SIKOKF, CMDELC) 

VC NO = KID * VoMDA 

* 

* 

*************** 

* 

VCMDl = VC M D 
VAUA = IAJI 
VA W l = F- T L T t (• 

VA A 1 = ITT A| IM 

VACUA = N A A I 


***** 


ASA CHANNELS 1-3 *************** 


v VC NO 1 

(VAVLA, KAKl, KALI, V/ERC1I 

(xi/t«r, tai , xm 

. .. . . = 1 * VAA I 

VA B L - FIL1I.P ( V A 01 A , N Ah I , KAC l , VZERCl) 
VAC l = HSTR SS (O.G, -MAI, IT A l , PL) 


Figure 2-3.- Continued. 
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* REALPL (0.0, TA1 , VAC1 1 
A » KADI * VADl 

= FllTLP (VAtU, KAKl, KAT 1 , 0.0) 

VAHA = '*- F A L P L (0.0, TH l , VAtt) 

VAFL * DFR1V (0.0, VAFIA) 

PS 1 = P 1 

VAGI a HSTPSS (0.0, -Hill, MB I , PSl) 

VAH a L I ML AG (VAGI, IAI) 

VAJIA a KAE I * VAH 1 

VAJt = p- 1 L TE ^ (VAJIA , KAVl, KAWl, 0.0) 

VAKL * DEADS* 1 (-061, DC I , VAJl) 

VALl = kAFI * VAKl 

VAMl » VALl - KAHl * VANl 

DVAN 1 a KAC l * VAMl 

VA.MI = L I M 1 OVA, Ml, -IMTLHl, IMTLMl) 

VAPl * KAO * VAM 

VAX 1 a KAMI * ( V A V*. I - VAPl - VAFl - VAPl) 

II a LIMIT ( - L A 1 . LAI, VAXl) 

• *««**** FAILURE MQMTCk SECTION ... ASA CHANNEL l **♦***♦♦ 

* 

PROCEDURE VAR l = CNTRLl (VAJl, DEfl, UPREFl, ONREFl) 

VAR l a -ONFtFl 

IF ( A3S( VAJ l) . GE . PE T l) VARl * JPRfcFl - CNPEFl 
ENCPPQCFDU 0 E 

• 

PROCEDURE DVATI = A A A A l (VARl. RESETl, KAN l ) 

IF (RESETl. GT. 0.0) GC TO llll 
DVAI l * KA»*'l * VAN l 
GO 1 0 1112 

1111 VATl * 0.0 
DVATI a o.o 

1112 CONI INUE 
[NCOROCEDUR E 

VATl = LIMl (DVATI, LIMM, II NPl) 

PROCEDURE VAVl, PFAIll = BBBOl (VAll, THRl , RESETl, BYPASl, TIMt) 
VAVl = - l. 

IF ( VAT l.GE.THRl) VAVl = *1. 

IF ( BYPASl. GT. 0.0) GC TC. 1 1 14 

IF < IIMt.E... 0.0.0. RFSEIl.GI. 0.0) GC TC 1113 

IF ( VAVl. GT. 0.0. C*k. PFAIll. GT. 1.5) GC TC 1114 

1113 PFA 1L l a 0. 

GO TO 1115 

1114 PFAILl = * 2 . 

1115 CONT INUE 
ENLPROCCDUR E 


* THE FOLLOWING VARIABLES SHOW CHANGES FRCP INITIAL CONDITIONS 

* 

VCMtMl = VC MI) l - VZEPCl 
VAWM l = VAvsl - VZE»Ol 
VAAM1 a VAA1 - XLZERC 
V A BM 1 = V4B1 - VZL'ROl 

* 

FPRLPl = VAWl - VArtl 


VA 01 
VAFL 
VATl 


Figure 2-3.- Continued. 
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*************** ASA CHANNEL A *************** 
* 

PROCEDURE VCMD4 « SEL4 ( KK t VC MO , V/FRH 
VCMU4 * VCMO 

IF IKK.GT.O.O) VCM04 » V/fc'RC 
FNCPKiJCEDUAfc 

VAH4A * KAJ4 * VC MO 4 

VAw4 * p IL T r 'v (VAW4A , KA K4 , KAL4 , V2EOC4) 
VAA4 * HEAL PL KL/fcRL, TA4 , XFB) 

VA8'*A * K A A V * VmA4 

VAB4 * Fit I F R (VAF4A, RAF4 , KAC4, VZEKC4) 
VAC4 » HSIPSS <0.0, -HA A , HA4 , FL) 

VAD4 * HEAl?L 10. 0, 1A4, VAC4 ) 

VAF4A * KAMA * VAD4 

VAL4 - riLTIP (VAL4A, KAR4, KAT4 » 0.01 


VAF4A = REAL PL (C.O, TB4, VAE4I 
VAF4 * OF.RIV IC.C. VAF4A) 

PSA = P 4 

VA 04 * HSU'SS (0.0, -H04 , HB4 , PSA) 

VAH4 * LIMLAG ( VAG4 , TA4) 

VAJ4A * KAt ', * VAH4 

VAJ4 = riLT"P < VAJ4A , KAV4, KAW4, 0.0) 
VAK4 = DEANS® (-DB4, OB 4, VAJ4) 

VAL4 a KAF4 * VAK4 

VAM4 * VAL 4 - KAH* * VAN4 

DVAJ4 - K AG 4 * VAM4 

VAN', a LMl (0VAN4, -INTLM4 , INTLM4) 

VAP 4 a |< A P 4 * VAN4 

VAX4 = <A M4 * (VAVi4 - VAB4 - VAF4 - VAP4 ) 
14 = LI. 41 T (-LA4, lA <♦ , VAX4 ) 


******** F A IL UP E MONITOR SFCTION ... ASA CHANNFL 4 

* 

PfU.CFCURE VAR4 = CN T! ; L 4 (VAJ4, 0C T4, UPREF4, CIVRFF4) 
VAR4 = -DNPLF4 

IF ( \0S( VAJ '») .Gc.Ur T4) VAF 4 = UFREF4 - LNFFF4 
t NHPROC EDUR E 

* 

PROCEDURE DVAT4 = A A A A 4 (VAR4, RESET',, KAN4) 

If ( RESET4.GT.O.O) GO TC 4441 
L)V A T 4 a K AN4 * VAP4 
GO TQ 4442 

4441 VAT4 a 0.0 
DVAT4 = 0.0 

4442 CONT INUE 
FMTPROCEDUKF 

VAT4 = L 1.41 (DVAT4, LI.4N4, LI RP4) 


PROCEDURE VAV 4, PFAIL4 = HrtilfV, ( VA 74 * TNR4, 

U/. — _ , 


4443 

4444 


VA V4 = - 1 . 

IF ( WT4.GE.TNR4) VA V4 = +L. 

IF ( jYP VS4.GT . J. 01 <> TO 4444 
IF I TlMc.FO.O.O.f'P.F cSFT4.GT.0.0) 
IF ( VAV 4 . GT i 0 i 0 • ( R.PFAIL4.3T. 1.5) 
PE A II. 4 = 0. 

G n TO 4 44 5 
PFAIL4 a *2. 




GC 

GO 


TC 

TC 


4443 

4444 


#*♦••••• 


EYPAS4, TIME) 


Figure 2-3.- Continued. 
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4A45 CONT INUE 
t-NCPRDC Et) UK F 

* 

* 

* THE F'JLLC.WING VARIABLES ShQw CHANGES FRCP INM I AL CONDITIONS 

VCM3M4 * VC Y 1 A - VZERO* 

VA »«'■' A * VA*4 - VZFPH4 
VA A!'* A » VAA A - XLZCkC 
VAHHA = VAH A - VZLKOA 

» 

ERROR* * VAW4 - VA34 

* 

***4*** 4 *************** 

♦ 

VCMr>* « VCMD - V 7FP.0 
XFBM = <F fl - XLZEkO 
XL M a XL - XL/cRC 
XQRM a XQK - XL2ERO 

* 

♦ 

*************** ACTUATOR CHANNELS 1-3 *************** 

* 


IL 1 * II 

I H 1 a 0 . 00 7 5 ♦ 0.015 * APS (III) 

IHYSl a HSTI'SS 1 C. 0 , - 1 H L » Ihl. I 111 

THFA1 * ( K TM 1 ■» I M VS l - K XPl +/POi P - KXSl*XSDl - 

THIaFI = U Ml I-THLIM. THLI W 1 « THEAl ) 

QF 1 = K THIA l * rt'TAf- 1 

OX XI ■ JflMSl 

FXCI A a !*, x * (DXXL - OXSl) 

FXC1 - LTDINT (FXCIA) 

nnxs i a ir-xci - ax*pi - hx*dxsi) / mx 

OXSl * LroINT (ODXSl) 

XSl a L IM 1 <>*Sl, -XSLIMl, X S L i K L » 

xsoi * nr ad sp <-nnsp, ddsp, xsi I 

XCPlA = XSI * KO S l / API 
XO ra I P = X.iPLA * SCU (AHSIPVSl /PSD! ) 

PVSl = PSD - PI * SIGN! l.o, * 

XUPl = IN TOR L (J.O, XCPlh) 


Fl/KPl) / KEl 


PROCEDURE 

IF 


PI A ~ { XQP 1 


f* l = A A l 

1 PPA IL l» 


XPl * 2.0 * B f T A l 
(PfAlLlt PSD, P l A ) 
l 2 , 1 A , 16 


xsn 

API 


+ S I CM 1 *0 , PVS 1 ) 


/ VS1 


12 

PI a -P SO 



CO TO IP 


1 4 

PI a LIMIT (-P Si) , PSD, 

PIA) 


an to 19 


16 

PI a PSD 



IF (PFAIL l.GE.1.5) Pt 

u 

o 

• 

o 

IV 

CONT INJE 



E NCPROC EDUR fc 

Fl a PI 

♦ 

* 

*************** 

* 


o API 


ACTUTOK CHANNEL A *************** 


IL 4 = I A 
IMA 
IHYS4 = 


= 0.0075 + 0.015 *’ ABS (I LA ) 
HSTRSS (C.O, - I HA , IH*t, I L4 ) 


Figure 2-3.- Continued. 
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THFAA * ( K1M4*IHYS4 - KXPA*XPOSP 
THTA F A - L I V I T (-TFiLlVA, THLI.H, 
CPA * K THTAA * THlAFA 
OX XA * or a/asa 
FXCA4 * <X * ( 0 X > A 


- KXSA *XSOA - PA/KPA ) 
THFAA I 


FXCAA * <X * ( 0 X > A - (JXSA ) 

FXCA * l JOINT (FXCAA I 

DDXS A * (FXC A - A X*P A - BX+DXSA) / MX 

OX Sa * L 7 1 1 *'■ J (JOX3AI 

XSA = LI'l ( )X5A, -X5LIMA, XSLJ PA ) 

XI, OA * OfAbj-* l-r. r jp, OD SC i A$A) 

Xi*P 4A « XSA * *>J$i / APA 
X0PA4 * XOPAA * SO' T(AllS(PVSA/PSD) ) 
PVSA *• p S ' - PA * SIC, Ml. 0, XSA) 
XgPA * l*'Tr,„i (o.o, xwPAd) 


SJCMl.O.PVSA) 


xp) * 2. Q ”< 
( ,J FWlA, PSD, 
A •? , A A , A 6 


PAA * I XQP A 
■Pf'C edJPE 0 A * AAA 
IF (PFAILA) 

A? PA * -P SO 
GO TO AS 

AA PA * LIMIT (-PSD, PSD, PAA) 
GO Tn AS 
AC. PA * PSD 

IF ( ^4 IL A.GL .1.5) PA * 0.0 

1 IM, ir 


BF.TAA * A PA / VSA 
PAA) 


40 
ENDPP.OC 


CONT INUL 
ED IIP E 
FA * PA * APA 


* 

************** PQFLP SPOOL DYNAMICS *************** 


FO » K3 «■ PV * XPO 
FT » 3.0 * F l ♦ FA - FB 

* 

PfTCEOlJRE COULF * »B» (DXP, COUL) 

COULF * 0.0 

If (DXP.NF.O.O) COOLf = COUL * SIGN (1.0, OXPI 
£ NOPRUC FOUK 6 

♦ 

COXPA * (FT - no*DXP - COULF) t MP 

* 

PKPCFDURF OOXP « (,CC (DOXPA, DXP, STIK, FT) 

DPX'’ * DOXPA 
CXPr = OXPL * OXP 
OX PL = DXP 

IF ( DXP F. or. 0.0) GO TO 200 
If ( 4BS ( r T».LF . S \ I N ) CO JP 100 

CUXPB - Dt-.ADSP ( — STIK, STIK, FT) 

DDX!> = DOXPU / MP 
C-P JO 2 00 
100 CXP =0.0 
CXPI = 0.0 
DXPF = 0.0 
DDXP =0.0 
200 CONTINUE 
FNCP <i)CEDUU c 

DXP = I N T CiKL (O.C, DDXP) 

XP = 1 I M 1 (DXP, -XPLIM, XPLIM) 

XPP = DFAOSP (-OVLAP, I1VIAP, XPI 


Figure 2-3.- Continued. 
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XPDSP « OEADSP (-ODSPA, 00 SPA « XP) 

************** LOAD FLOW EQUATIONS ♦ ***..♦***•***♦* 


IMPLICIT VARIA9LE Z WILL oE SET EQUAL TC CL AFTER CALCULATION 


t * IM»L ( O.C, O.OL , FOFZ) 

POAAA * F F * 1**2 

P V Art A * PS - POAAA - PL*SIGM l. O.XPJ 
FOFZ * KQP * XPD * S-.P I (AuS(PVAAA) ) * S I GN ( l .0 , PVA AA) 


QL * l 

QLSwr * 01**2 

Pf * IF * QLSOD 

PSO * PS - PD 

PV * PSD - PL * SION (L 


* 

* 

*********** **** 


IDA) DYNAMICS 


.0, XP) 


*************** 


* 


0X0^ * QL / AR 
X'„'F* = INTGPL ( XLZFPG , UXQRI 
FP * KACT * ( XQrt - XFDI 
P| * C P / AR 

R * AFGFN (MQMARM, DELED) 

TP * FP * p 

* T h E FCLIOIN-. P^ J-.r-Vj'-f COMPUTES IMF TOTAL TOfQUE (TT) INCLUDING THE 

* blftCTS AcTUTJR STICIICN 4N3 CLEXLN STICT1CN. 

* 

PROCEDURE TT = bun I TP, TAERu, DDF LED, OXFB, tLSTK, RAPSTKI 

* 

If I DXFH.NF .0.0) GO TO 500 
IF ( CErl fD.NF.O.O) GT TO 600 

* TC HERE IF nxFl'.CJ.O AMD DDELEO.EC.O 

II * TP ♦ TALRO 

STCTM » FLSTK ♦ PAMSTK 

IT * DEADSP (-STCTM, STCTN, TFI 

Go TO 800 

* TO HFPF IF OXFb.Ev.O AMD DOELfD.FE.O 

6 DC TF * TP ♦ TAE«'J - TCNSw (0 DELED • -ELSTK , 0.0, ELSTK) 

TT * DL AD SP (-RAMSTK, RAFSTK, TF) 

GO TO 900 
ECO CONTINUE 

IF I COLLED. NE .0.0 GC TO 700 

* TC HFPf IF OxH-vr.O AND DDF IF!) .F C. 0 

TF = TP ♦ MEki. - f-CNSlv (DXf D , -RAMS T K , 0.0, KAMSTK) 

TT = OEADSP I-t.L«TK, LL.STK, TF) 

GO TC 3 CO 

* TQ HL P F IF UXFL'.Nt.O AMD DUELED. NE.O 

7CC TT = Tp + T A F p r. - r C NSW U’XFt, , -P.4USTK, 0.0, RAFSTK) ... 

- FCNSW (fntLLD, -riSlK, 0.0, ELSTK) 

80C CONTINUE 
F NDPROC FOUR E 

DDDELE * (IT - B f*DDE LE I / IE 


Reproducibility of TMF 
original page is poor 
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DELE, DDt LF * LlR? (OUUELfc, -0.6361, 0.3762) 

[fLfr * ICtAD * PELF 
rr. ti f') * *fad * nn-Lr 

XL * ArOtl. (SlAJKt, Df-LF.U ) 

XFb * (KS*XL f KAlT*XQH) / ( K 3 ♦ KACT) 

OXF-1 * DEE. IV (J.C, XFb) 

*■ 

T ERY. Ii.AL 
* 

HK SF X 

UNL» DFL T *0. OOOiV,. ' .j Df L -u. CM? , PKnit-j.Ot, riNTIF'*l.O 
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Figure 2-3.- Concluded. 
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Figure 2-4.- FCHL master chart. 
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3. OSCILLATION INVESTIGATION 


The objective of this investigation was to determine the probable cause of 
the high-frequency oscillations previously observed in the elevon actuators. 
The method employed (CSMP testing) was directed towards discovering which 
particular combination of added nonlinearities could best reproduce the pro- 
blem oscillations. Any such combination, while not definitively the cause 
of these oscillations, would be at least a possible cause. If a really good 
match could be obtained between the hardware test data and CSMP printouts, 
that combination would have to be considered the probable cause at least in 
the absence of any contrary evidence. 

3.1 PRELIMINARY ANALYSIS 

Analysis of the test data received from FCHL revealed the following two facts 
regarding the high-frequency oscillations. 

a. The oscillations appeared to be confined to the actuator unit and did 
not significantly involve the Aerosurface Servo Amplifiers (ASA's) . The 
FCHL data showed only enough current in the ASA-actuator drive lines to 

be accounted for by measured variations in the primary pressure feedbacks. 
These current levels were low on the order of the hysteresis thresholds 
of the actuator torque motors. Such levels might have influenced the 
oscillations but were probably too low to induce or support them. 

b. The oscillations occurred only when each ram was moving and only in the 
presence of an unbypassed command failure that produced force fighting 
in the secondary actuator . The frequency of oscillations pointed to the 
secondary actuator subassembly as the probable source. This subassembly 
has a calculated resonant frequency of 63 Hz and a damping ratio of 0.71 
under no-fault conditions. Accordingly, a separate CSMP program modeling 
only the secondary actuator stage was set up, and frequency response data 
were taken to measure stability margins at 56 Hz. These data along with 
a sketch defining the terms used are shown in figures 3-1 through 3-5. 
Closed-loop data are plotted in figures 3-2 and 3-3, while the more im- 
portant open-loop data are displayed in figures 3-4 and 3-5. The latter 
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Figure 3-1 Definition of variables for secondary actuator frequency response measurements 
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Figure 3-2.— Inboard secondary actuator 
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Figure 3-3.- Inboard secondary actuator closed-loop response (TPM1/TCM1), single channel hardover. 
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Figure 3-4.- Inboard secondary actuator open-loop response (TP1/TERR1 ), no faults 



H3UDXI Nl OVn 

R 



Figure 3-5.- Inboard secondary actuator open-loop response 
(TPM1/TERRM1), single channel hardover. 



two figures also display calculated gain and phase margins at 56 Hz. Ob- 
viously, more loop gain (0.4 dB) but less phase shift (7°) would be required 
to force the secondary actuator stage into oscillation at 56 Hz with force 
fighting present (fig. 3-5) rather than with it absent (see fig. 3-4). 

Another factor pointing to the secondary actuator stage as the probable 
source of the unwanted oscillations was that the actuator manufacturer Moog, 
Inc., had successfully stopped some similar high-frequency oscillations ob- 
served in a predecessor Thrust Vector Control (TVC) actuator by using an 
isolated hydraulic power supply to drive the hardover channel (only) in the 
secondary actuator stage. 

After reviewing available FCHL test data and discussing the oscillations 
problem with R/SD and NASA/JSC engineers, two possible causes emerged for 
further investigation using CSMP simulation. One possible cause was flow- 
induced supply pressure drops acting on the power valve spool primarily 
through the hardover (faulted) channel. This theory was referred to as the 
hardover feedback theory. The other possible cause was deadspace in the 
couplings between the second-stage va-v* spools and their associated torque 
feedback springs. This was referred to as the deadspace theory. 

3.2 HARDOVER FEEDBACK THEORY 

The hardover feedback theory asserted that the problem oscillations were 
caused by a flow-dependent positive pressure feedback force acting on the 
power valve spool, presumably through a hardover channel. The basic idea 
is depicted in figure 3-6, which shows an added pressure drop term (AP^) that 
is proportional (K) to some power (n) of the magnitude of the actuator flow 
rate (QL). Inclusion of the signum (sgn) function ensures positive feedback 
if K is positive and negative feedback if K is negative (both were tested). 

As indicated in a note on figure 3-6, the typical pressure value in the hard- 
over channel (channel 4) is also flow dependent, but there is no continuity 
of algebraic sign included in this dependency to ensure positive or negative 
feedback. 



Figure 3-6.- Addition cf flow-dependent pressure coupling to power spool 
dynamics for hardover feedback theory tests. 
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In accordance with the Investigation objective, the CSMP program was rewrit- 
ten to add the previously described pressure feedback term into the equations, 
and computer runs were performed using the parameter values listed in 
table 3-1. Referring to table 3-1, only four differer.t computer runs actually 
were made to test this theory, although six printouts are listed. These runs 
are numbers 1, 2 and 3 with K 3 +0.1297; runs 2 and 3 with K 3 -0.1297; 
and runs 5 and 6. Runs 2 and 3 (and 5 and 6) were made using CSMP program 
listings that were identical except for the output calls, which were separ- 
ated to avoid overloading the digital computers. Run 4 was exceptional in 
that it was made using incoherent feedback. This was accomplished by setting 
K = 0 and raising the value of the pressure drop coefficient R r from 0.0212 

p ‘ 

to 0,1297 psid/(cis) for this one run only. 

The CSMP test results were completely negative. No sustained oscillations 
were observed above 40 Hz, although the square-law runs with positive feed- 
back quickly became exponentially unstable with very large self-quenched 
oscillations occurring at approximately 17 Hz. 

3 . 3 DEADSPACE THE ORY 

The deadspace theory asserted that the problem oscillations were caused by 
deadspace existing in the couplings between the second-stage valve spools 
and their associated torque feedback springs. Whenever the feedback springs 
were positioned inside this deadspace, they were decoupled from the valve 
spools. Such decoupling immediately raised the forward-path gain of all 
contiguous outer servo loops and added phase shift, thus driving the outer 
loops towards instability. 

Assuming the secondary actuator subassembly is principally responsible for 
producing the problem oscillations, the major outer loops affected are those 
for which the power spool displacement variable (Xp) provides the return 
signal. These loops are shown in figure 3-1. The stability margins shown 
in figures 3-4 and 3-5 are applicable. In order to make a quick check to see 
if opening the second-stage torque feedbacks entirely would cause an actuation 
subsystem to oscillate, a CSMP test run was made with all second-stage 
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TABLE 3-1 COMPUTER RUNS FOR HARDOVER FEEDBACK THEORY TESTS 



t 



feedback gain coefficients (« xs ) set to zero. No continuous oscillations 
resulted, although some ringing was observed at 62.5 Hz. 

Referring to the hydraulic schematic diagram in figure 2-1, it is evident 
that mechanical coupling exists between the pressure developed in each chan- 
nel of the secondary actuator and the flapper of the corresponding first- 
stage servo valve. This coupling passes through each second-stage servo 
valve via the torque feedback spring connection and logically would be 
affected by deadspace at this connection point. This coupling is not modeled 
explicitly in the R/SD math model (see fig. 2-2), because zero deadspace 
was assumed in deriving it. Obviously, it is necessary to develop and in- 
clude the dynamics of the second-stage servo valves in the math model in 
order to make it suitable for use in testing the deadspace theory of oscilla- 
tions. 

The modifications developed to satisfy this requirement are shown in fig- 
ure 3-7. Input flow (Qp) and second-stage valve spool displacement (X^) 
are related by the two block diagrams providing a before and after look at 
the math model. Observe that mechanical coupling from the secondary actuator 
pressure variable ( P-j ) to the second-stage valve spool is included explicitly 
in the modified block diagram. Further math model changes required to in- 
sert deadspace into the couplings between the second -stage and power valve 
spools and the corresponding torque feedback springs are shown in figure 3-8. 
These were the only changes made in the R/SD math model before making the 
deadspace theory CSMP runs. 

New variables and parameters added for the deadspace theory runs are listed 
in table 3-2. 

Different sets of numerical values assigned to parameters A , B , K and M 

AAA A 

during the course of testing were identified by a MOD (letter) REV (number) 
code for convenience, where MOD means modification and REV means revision. 
These sets of values are shown in table 3-3 along with the underlying reso- 
nant frequencies (fn) and damping ratios (c) which led to their selection 
as outlined in the following paragraphs. 
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TABLE 3-2.- NEW VARIABLES AND PARAMETERS 


Symbol 

Uni ts 

Description 

K 

inch/sec 

Second-stage spool rate (ideal) 

*s 

inch/sec 

Second-stage spool rate (actual) 


inch 

Stub spool area 

B x 

lb-sec/inch 

Viscous friction coefficient 

K x 

lb/ inch 

Effective spring constant 

M x 

2 

lb-sec /inch 

Mass of second-stage spool 

DDSP 

inches 

Deadspace at connection to second-stage 
spool (half width) 

DDSPA 

i nc hes 

Deadspace at connection to power spool 
(half width) 


TABLE 3-3.- PARAMETER VALUES USED IN DEADSPACE THEORY TESTS 


Actuator 
MOD/ REV 

K x 

(Ib/in) 


/ Bx \ 
/lb-sec) 

\ in / 

(in 2 ) 

Calculated 

f 

n 

(Hz) 

e 

A/0* 

7592 

1.5 E-5 

0.48 

0.01629 

3581 

0.71 

B/0 

592 

1 .5 E-5 

0.13 

0.01629 

1000 

0.71 

B/l 

5330 

1.5 E-5 

0.40 

0.01629 

3000 

0.71 

B/2 

2369 

1.5 E-5 

0.27 

0.01629 

2000 

0.71 

B/3** 

3701 

1.5 E-5 

0.33 

0.01629 

2500 

0.71 

B/4 

3701 

1,5 E-5 

0.047 

0.01629 

2500 

0.10 

B/5 

3701 

1 .5 E-5 

0.188 

0.01629 

2500 

0.40 


*MOD A was invalid (no pressure feedback). 

**MOD B REV 3 was selected for use in further testing on 
17 NOV 78. 
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The value used for M x (1.5 E-5 lb-sec /inch) was estimated by scaling physi- 
cal dimensions with respect to the power valve spool using drawings Included 
with the original Moog, Inc., proposal document. This same document pro- 
vided the exact value used for A x . 

The values for K and B were chosen to provide the resonant frequencies and 
damping ratios indicated in table 3-3. Referring to figure 3-7 and neglecting 
pressure P^ , the transfer function X $ /$ x is defined as T x 


X V 2 + b x s + K x 

By inspection, the natural frequency fn = (1/2 tt) A /M v and the damping ratio 

A A 

K = B /47rfr)M v . These equations were solved to find K v and B : 

XX XX 

K x = 47T 2 fn 2 M x 
B x = 4TTfn?M x 

Values for deadspaces DDSP and DDSPA were determined by experimentation. 

The total throw of each second-stage spool was limited to +XSLIM = ±0.015 
inch, and that of the power spool was limited to +XPLIM = ±0.05 inch. 

The first 23 computer runs made to test the deadspace theory are listed in 
table 3-4. Referring to this table, notice that run 01 was the original 
run made with no spool dynamics included and all second-state feedback gain 
coefficients (K xs ) set to zero as discussed earlier in this section. 

Before starting to test using nonzero deadspaces, it was necessary to verify 
that any set of MOD/REV (see table 3-3) numerical parameter values selected 
for use in testing would generate CSMP test data closely matching that ob- 
tained using the original R/SD math model with no second-stage spool dynamics 
included. Accordingly, run 02 was made using the original math model in order 
to generate a se. of reference data for verification purposes. 
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TABLE 3-4.- COMPUTER RUNS FOR DEADSPACE THEORY TESTS 


flu 



*Th1s set of parameter values was selected for further testing on 17 Nov. 78, 




































Run 03 was made to verify the MOD A REV 0 parameters but was unacceptable 
because direct pressure feedback was mistakenly removed from the torque sum- 
ming junction. Predictably, the data obtained came nowhere near matching 
the reference data previously obtained in run 02. 

Direct pressure feedback was restored to the R/SD math model producing 
actuator MOD B. This modification proved to be acceptable for all later 
testing. 

Run 04 was made to verify MOD B REV 0 parameters, but the data obtained did 
not match that of the reference run (run 02) at all. In fact, it was highly 
oscillatory and jittery and completely unacceptable. The natural frequency 
(fn) was 1000 Hz and probably too low. Accordingly, fn was raised to 3000 Hz 
for run 05. 

Run 05 was made to verify MOD B REV 1 parameters and was the first successful 
verification test run. The data obtained was an excellent match with that 
previously obtained in run 02. Consequently, nonzero deadspace was intro- 
duced into the simulation for the first time using MOD B REV 1 parameter 
values in run 06. 

Run 06 was made with all second-stage deadspaces (DDSP) equal to ±0.005 inch 
and with zero deadspace at the power spool connections (DDSPA =0). A +12 
degs/sec ramp command was applied to the three active channels. It was 
limited to +8 degrees maximum and augmented by a -2 degrees blip to excite any 
possible oscillations. A fixed (zero degrees) command was applied to the 
single failed channel (channel 4). No undesired oscillations were observed 
in the printouts. The magnitude of displacement of the second-stage valve 
spools in the three active channels never was great enough to move the feed- 
back springs out of their deadspace regions during the entire test run. 
Apparently 3000 Hz was too high for fn, and 1000 Hz was too low. 

Accordingly, run 07 was made with fn equal to 2000 Hz. The purpose was to 
verify MOD B REV 2 parameter values, but only a fair match was obtained 
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between the printout data and that previously obtained in the reference run, 
primarily because of excessive ringing at and above 62.5 Hz. 

Run 08 was made with fn equal to 2000 Hz (MOD B REV 2 parameter values) 
and DDSP equal to i.0.005 inch (DDSPA = 0). For the first time, this run 
generated printouts matching certain key characteristics of the hardware 
oscillations observed in FCHL test no. E-16 (fig. 2-6) including oscillation 
frequency (55.5 Hz) and dampout at a position plateau. 

Run 09 was made to verify MOD B REV 3 parameters, which were derived using 
fn equal to 2500 Hz. Excellent agreement was achieved with the printouts 
from the reference run (run 02). 

Run 10 was made using MOD B REV 3 parameter values along with DDSP equal 
to ±0.005 inch (DDSPA = 0). Oscillations similar to those generated during 
run 08 were observed but with a frequency of 59.5 instead of 55.5 Hz. 

Runs 11 and 12 were made using MOD B REV 3 parameters but with DDSP reduced 
to ±0.001 and +0.003 inch, respectively (DDSPA = 0). No continuous oscilla- 
tions appeared, although ringing at 55.5 Hz was observed during both runs. 
Both the amplitude and the duration of the ringing were greater using the 
larger DDSP value. 

Before run 13, all deadspace-theory test runs had been made with the damping 
ratio (d arbitrarily set equal to 0.71. Runs 13 and 14 were made with c 
equal to 0.1 (MOD B REV 4 parameter values) and with DDSP equal to ±0.001 
and ±0.003 inch, respectively. Neither run was acceptable. Both produced 
strong oscillations in the secondary actuator stage at 250 Hz modulated at 
17 Hz. 

Runs 15 and 16 were made using the same values of DDSP and DDSPA but with 
C set equal to 0.4 (MOD B REV 5 parameter set). Continuous oscillations were 
not generated, but ringing at 50.0 Hz was observed during both runs. 
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Runs 17 through 23 were all made using the MOD B REV 3 set of parameter values 
with nonzero values of power spool deadspace DDSPA used for the first time. 
Runs 17 and 18 were made with DDSPA equal to +0.005 inch and DDSP equal to 
±0.001 and ±0.003 inch, respectively. A variety of continuous oscillations 
appeared including some at 25, 45, and 55.5 Hz. 

Continuous oscillations at 25 Hz were observed after the ram stopped moving 
in the plateau area where the +12 degs/sec ramp command was limited to +8 
degrees. Apparently the deadspaces were too large. 

Runs 19 and 20 were made with both DDSP and DDSPA equal to ±0.003 inch, and 
the blip was deleted from the limited ramp position command signal for run 19 
(only). No continuous high-frequency oscillations (above 40 Hz) were gen- 
erated during run 19, but in run 20 continuous oscillations at 55.5 Hz were 
observed while the ram was in motion. When the ram stopped moving in the 
plateau area, the frequency of the continuous oscillations changed to 22.2 Hz. 
Apparently a blip was required to excite the high-frequency oscillations. 

Runs 21 through 23 were made with DDSPA fixed at ±0.001 inch and DDSP set 
equal to ±0.003, ±0.002 and ±0.001 inch, respectively. Runs 21 and 22 pro- 
duced continuous oscillations at 55.5 Hz while the ram was moving and no 
oscillations at all inside the plateau area. Some ringing at 55.5 Hz was 
observed during run 23 while the ram was moving. This was followed by con- 
tinuous oscillations at 12.0 Hz in the plateau area. 

Along with the MOD B REV 3 parameter value set, the values of DDSP and DDSPA 
used in run 22 were selected for making further tests of the deadspace 
theory of oscillations. This was done because the data from run 22 matched 
that from FCHL test no. E-16 best of all the runs that had been made. 

Little further testing was performed, however. Runs 24 and 25 (not listed in 
table 3-4) (printout 72 NOV 20) were made using DDSP set equal to ±0.002 
inch and DDSPA set equal to ±0.001 inch to see whether or not oscilla- 
tions would occur in the absence of force fighting in the secondary actuator 
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stage. They did not occur . Run 24 was made without force fighting, and 
run 25 Included force fighting. The oscillations did not occur In run 24, 
and this pal*" of computer runs is considered the best obtained during this 
investigation. Some of the printouts from this pair of runs are displayed 
in figures 3-9 through 3-12, and a tabulated comparison of characteristics 
of the oscillations that were observed with force fighting present against 
those from FCHL test no. E-16 appears in table 3-5. The CSMP listing for 
these runs (a double-run case) is shown in figure 2-3. 

Runs 26 and 27 were identical to runs 24 and 25 except a CSMP model of the 
outboard elevon actuator was substituted for that of the inboard actuator 
previously tested in runs 01 to 25. No continuous oscillations were ob- 
served in the printouts (74 NOV 27-78), although ringing at 55.5 Hz was 
observed especially after the blip. These two runs were the only ones made 
using the outboard actuator model . 

Runs 28 and 29 were made to simulate FCHL test no. E-12. The three active 
channels were given a +4 degs/sec ramp command plus a -1 deg blip. The sum 
was limited to +2.7 degrees maximum. The MOD B REV 3 parameter set was used 
with the power spool deadspace DDSPA fixed at ±0.001 inch. Second-stage 
spool deadspace (DDSP) values were ±0.002 and ±0.001 inch, respectively, 
in runs 28 and 29. No continuous high-frequency oscillations were observed 
in the printouts (75 NOV 27-78), but ringing at 50 Hz was observed following 
the blip. Continuous oscillations at 10 Hz were noted in the plateau region 
(only). The magnitude of differential pressure in the faulted channel 
(channel 4) never exceeded 1506 psid, because the commanded surface dis- 
placement was limited to +2.7 degrees in the three active channels. A con- 
stant command of 0 degrees was applied to channel 4. 

The final CSMP run, run 30, was made under conditions similar to those for 
run 28 (DDSP = ±0.002 inch and DDSPA = ±0.001 inch) except an expanded maxi- 
mum surface displacement of +10 degrees was used. Similar test results were 
obtained, although the magnitude of differential pressure in channel 4 quickly 
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TABLE 3-5.- COMPARISON OF OSCILLATION CHARACTERISTICS BETWEEN 
FCHL TEST E-16 AND RUN 72 NOV 20-78 
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Figure 3-9.™ Ram position command voltage, less offset (volts) 
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Figure 3-9.- Continued. 
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Figure 3-9.- Continued. 
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Figure 3-9.- Concluded. 
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Figure 3-10.- Ram position feedback voltage, less offset (volts) 
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Figure 3-10.- Continued. 
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Figure 3-12.- Second-stage spool displacement In inches 
in channels 1-3 (with force fighting). 
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Figure 3-12.- Continued. 
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Figure 3-12.- Continued. 
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Figure 3-12.- Concluded 
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became saturated at the supply limit (2800 psld) . Continuous oscillations were 
noted at 11 Hz In the plateau region (only) In the printouts (75 NOV 28-78). 

On 15 December 1978, a copy of the elevon servoactuators math model developed 
by C. J. Greaves at Moog, Inc., was received at NASA/JSC. This model includes 
a considerably greater amount of detail ir> modeling the flapper valve stage 
than does figure 2-2 (R/SD math model). Although making direct comparisons 
between the two math models generally is not feasible, there is a consider- 
able amount of similarity between them. For instance, it was learned that 
the proper value of M was 2.85 E-5 lbs-sec^/inch, rather than the 1.50 E-5 

A 

value that was used in this Investigation. Because of the way the supporting 
values B and K v were developed, it is believed that this difference in M 
does not significantly affect any Interpretations of data that were arrived 
at in this study. 


4. CONCLUSIONS AND RECOMMENDATIONS 


Principally because of the similarity in test results achieved between CSMP 
runs 24 and 25 and FCHL test no. E-16, it is concluded that deadspace in the 
couplings between the second-stage valve spools and their associated torque 
feedback springs (with or without similar deadspace in the couplings between 
the power spool and associated torque feedback springs) must be considered 
to be a possible cause of the problem oscillations occurring above 40 Hz in 
the hardware elevon actuation subsystems. 

It is recommended that the actuator manufacturer Moog, Inc., be made aware 
of the results of this investigation and that the comments of that company 
regarding the deadspace theory of oscillations be solicited. 

It is further recommended that the R/SD actuator math model use^ in {hi:, 
investigation be modified especially around the flapper and second-stage 
(servo) valve stages to bring it into conformance with the Moog actuator 
math model and that a limited number of tests be repeated using this modi- 
fied math model. If results warrant, further investigations incorporating 
different values of deadspace, different FCHL reference data, deadspace in- 
cluded in different amounts in different channels, outboard actuator models, 
and so forth can be considered. 
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